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SELEXNOA1 is an evolutionary conserved, nuclear encoded GTPase essential for mitochondrial function and cellular
survival. The function of NOA1 for assembly of mitochondrial ribosomes and regulation of OXPHOS activity de-
pends on its GTPase activity, but so far no ligands have been identiﬁed that regulate the GTPase activity of
NOA1. To identify nucleic acids that bind to the RNA-binding domain of NOA1 we employed SELEX (Systemic
Evolution of Ligands by EXponential Enrichment) using recombinantmouse wildtype NOA1 and the GTPasemu-
tant NOA1-K353R. We found that NOA1 binds speciﬁcally to oligonucleotides that fold into guanine tetrads (G-
quadruplexes). Binding of G-quadruplex oligonucleotides stimulated the GTPase activity of NOA1 suggesting a
regulatory link between G-quadruplex containing RNAs, NOA1 function and assembly of mitochondrial
ribosomes.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
NOA1 is a nuclear encoded GTPase that is predominantly localized
in the mitochondrial matrix and serves essential functions for the
regulation of mitochondrial activity and cellular survival [1]. Over-
expression of NOA1 in vitro stimulates oxidative phosphorylation
(OXPHOS) and ATP production in a GTPase dependent manner [1]
while knockdown of NOA1 impairs oxygen consumption in vitro and
causes global OXPHOS dysfunction as well as defective mitochondrial
protein synthesis in vivo in NOA1 knockout mice [2,3]. NOA1 does
also seem to play a role in the regulation of apoptosis since its loss
compromises cellular survival in vitro and leads to early embryonic
lethality in vivo [2,3]. Furthermore, several lines of evidence suggest
that NOA1 regulates ribosome assembly, probably via interaction with
the 28S small mitochondrial ribosomal subunit [3,4]. A similar function
has been proposed for the bacterial homolog of NOA1, YqeH, which
binds to the 30S small ribosomal subunit of Bacillus subtilis [5–7].
NOA1 contains a conserved RNA-binding site in the C-terminus that
shares similarities with the RNA-binding motif of TRAP (tryptophan
RNA-binding attenuation protein) in bacteria [8]. TRAP binds to con-
served GAG repeats, thereby inhibiting translation of mRNAs involvedOS, oxidative phosphorylation;
chment; ss, single stranded; ds,
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binding proteins with different functions, including RNA helicases,
regulators of mtRNA stability and polyadenylation, RNA chaperones
and modiﬁers of rRNA [10–13]. Some mitochondrial RNA-binding
proteins are located in mitochondrial ribosomes, where they interact
with 12S or 16S rRNA and serve as chaperones protecting rRNAs from
the mitochondrial micro-environment [14].
RNA-binding proteins contain a limited number of known RNA
recognitionmotifs (reviewed in [15]), although RNA-binding is a highly
speciﬁc process. The speciﬁcity of RNA-binding is determined by several
parameters: (i) Type and arrangement of individual RNA-binding
domains, which show only relatively low afﬁnity to RNA when present
in a single copy but form highly stable structure when present inmulti-
ple, serially arranged copies. (ii) Conformation of the RNA. Single
stranded RNA molecules (ssRNA) commonly form helices with major
and minor grooves but also develop single stranded loops, double
stranded hairpin loops (dsRNA), RNA–DNA hybrids or G-quadruplexes.
G-quadruplexes, three-dimensional structures built by guanine repeats,
are highly abundant in telomeres, in 5′UTRs of mRNAs where they can
mark splice sites [16], and downstream of polyadenylation signals [17].
G-quadruplexes are most stable when forming a complex with a central
potassium ion,which coordinates between the planar sheets of a G-tetrad
and thereby stabilizes the tertiary structure [18]. Since G-quadruplexes
are involved in numerous cellular processes such as regulation of gene
expression and chromosomemaintenance, they are considered attractive
targets for cancer therapy [19].
In this study, we searched for nucleic acid sequences that interact
with NOA1. We found that NOA1 binds with high afﬁnity to guanine
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simply guanine rich oligonucleotides, signiﬁcantly stimulated the
GTPase activity of NOA1. In addition, we demonstrate that the catalytic
GTPase activity of NOA1was not required for G-quadruplex binding.We
hypothesize that NOA1 is involved in the transport of G-quadruplex
containing RNAs and provides a functional link between the presence
of G-quadruplex containing RNAs and assembly of mitochondrial
ribosomes.
2. Materials and methods
2.1. Puriﬁcation of recombinant NOA1 protein from S. frugiperda
Recombinant, enzymatically active NOA1 protein and a GTPase
defective mutant (K353R) were produced in Spodoptera frugiperda
cells using the baculovirus system. The mouse NOA1 coding sequence
lacking the mitochondrial targeting pre-sequence (amino acids 1–17)
and the stop codon was released from the pcDNA5/TO vector using
the restriction sites HindIII (5′) and SlaI (3′). The NOA1 fragment
together with a 6× HIS tag was cloned into pBACPAK9 (Clontech)
using SalI (5′) and NotI (3′) restriction sites.
Baculovirus-infected S. frugiperda cells were lysed in 20 ml of 25 mM
Tris-HCl, pH 8.0, 10 mM b-mercaptoethanol and 1× protease inhibitors
containing 1 mM PMSF, 2 mM Pepstatin A, 0.6 mM Leupeptin and
2 mM Benzamidine [20]. Lysates were incubated for 20 min on ice
before shearing of DNA with a 19-gage needle. Extracts were cleared
by ultracentrifugation for 30 min before dilution with an equal volume
of Buffer A containing 50 mM Tris-HCl pH 8.0, 0.6 M NaCl, 20% glycerol,
10 mM b-mercaptoethanol, 1× protease and supplemented with
20 mM imidazole. Afterwards, extracts were added to 5 ml HIS select
HF Nickel afﬁnity gel (Sigma-Aldrich) and incubated for one hour with
rotation. Beads were collected by centrifugation for 10 min at 2000 g
and 4 °C and washed with 15 ml Buffer A containing 40 mM imidazole.
Next, loaded beadswere packed into a column andwashedwith Buffer A
containing 40 mM imidazole. His-tagged NOA1 was eluted with 15
column volumes Buffer A containing 250 mM imidazole. 1 ml aliquots
were collected and analyzed by SDS-PAGE and the Criterion System
(Bio-Rad). Peak fractions containing recombinant protein were pooled
and desaltedwith Econo-Pac 10DGDesalting Columns (Bio-Rad) follow-
ing the manufacturer's instructions. Recombinant protein was eluted
with Buffer C (NaPO4 pH 6.8, 10% glycerol, 10 mM β-mercaptoethanol
and 1× protease inhibitors) containing 0.2 M NaCl.
For a second afﬁnity-puriﬁcation step protein solutions were loaded
onto a 5-mlHiTrapHeparin–Sepharose column (AmershamBiosciences)
equilibrated with Buffer C containing 0.2 M NaCl using an ÄKTA system.
Following awashwith 5 column volumes Buffer C containing 0.2 MNaCl
the protein was eluted with a linear gradient Buffer C with 0.2–1.2 M
NaCl. The NOA1 protein was eluted at ~700 mM NaCl concentration.
The fractions were collected, analyzed by SDS-PAGE, aliquoted, snap
frozen and stored at −80 °C. To remove contaminating nucleases the
puriﬁed protein was further cleaned using a MonoS cation exchange
column (Amersham Biosciences) using the same buffers and workﬂow
as for the Heparin–Sepharose puriﬁcation.
2.2. Western blot analysis
Protein lysates were analyzed with 10% Bis–Tris SDS-PAGE using 1×
MES running buffer (Invitrogen). Gels were blotted on Nitrocellulose
membranes (Millipore)with 20%methanol containing Bis–Bicine trans-
fer buffer for 90 min at 30 V. Membranes were blocked in 5% non-fat
dried milk containing TBS-T (Tris-buffered saline with 0.1% Tween)
solution. The ﬁrst antibody was incubated over night in 3% milk TBS-T
solution. To detect bound antibodies either HRP-coupled or Alexa 680-
labeled secondary antibodies were used. Bound antibodies were visual-
ized using the Versadoc (BIO-RAD) or Odyssey (LiCOR) system. The
following antibodies were used: anti-NOA1 1:500 (rabbit, Eurogentec),anti-penta-His 1:2000 (mouse, Qiagen), anti-rabbit Alexa 680 and anti-
mouse Alexa 680 1:5000 (Invitrogen) and anti-rabbit HRP 1:1000
(Pierce).2.3. GTPase assay
GTPase activity was performed by the method of Kolanczyk et al.,
2011 [3]. Serial dilutions of NOA1-His6 and GTPase mutant protein in
GTPase Assay Buffer containing 20 mM HEPES-KOH pH8.0, 4.5 mM
MgAc, 150 mM KAc, 2 mM Spermidine, 0.05 mM Spermine, 4 mM β-
mercaptoethanol, 2.5 nM GTP (including 5% 32P-γGTP) were incubated
for 60 min at 37 °C. After addition of 5 μl Loading Buffer (25% glycerol,
0.01% Bromophenol Blue), samples were separated by 15% TBE-PAGE
in 1× TBE Running Buffer for 2 h at 200 V. Autoradiography of the
dried gel was achieved using a phosphorimager.2.4. SELEX (Systemic Evolution of Ligands by EXponential Enrichment)
The SELEX procedure was performed following the protocol of
Hyvärinen et al. [21]. To generate a randomized DNA ligand library,
oligonucleotides containing 14 internal random nucleotides (synthe-
sized by Sigma-Aldrich) were subjected to second-strand synthesis
(5′-GGTGAATTCGCTCACGNNNNNNNNNNNNNNCGAAAGGGATCCGTTC-
3′ library) using Klenow fragment and a primer complementary
to the ﬂanking site of the 46 nt long oligonucleotides (5′-GGT
GAATTCGCTCACG-3′). The dsDNA ligand library was puriﬁed
on an 8% TBE-PAGE gel and extracted using the PCR Clean Up and Gel
Extract II Kit (Macherey-Nagel) according to the manufacturer's guide-
lines. Ligand selectionwas performed using 5 μl of ligand dsDNA library
and ~2 μg NOA1-His6 protein in SELEX buffer (25 mM HEPES-KOH
pH 7.5, 12.5 mM MgCl2, 20% glycerol, 0.1% Tween-20, 1 mM DTT,
100 mM KCl and 0.2 mg/ml BSA) with 5 μl poly dIdC (1 μg/μl). The
reaction was pre-incubated for 20 min at RT, then 1 μg anti-pentaHis
antibody (Qiagen) and Sepharose A beads (GE Healthcare) were
added and the immunoprecipitationwas incubated for 1 h on a rotating
wheel at 4 °C. The control reaction did not contain an antibody. Beads
were washed three times in EMSA buffer containing 0.25 μg/ml
polydIdC and the supernatant containing unbound ligands was dis-
carded. For protein digestion, beads were mixed with 500 μl K Buffer
(10 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 50 mM NaCl and 100 μg/ml
Proteinase K). After digestion for 1 h at 56 °C the DNA was extracted
with phenol-chloroform and precipitated. The library was ampliﬁed
by PCR using Taq-Polymerase (5 Prime) using the following primers:
(SELEX fw 5′-GGTGAATTCGCTCACG-3′, SELEX rev 5′- GAACGGATCCC
TTTCG-3′). The library was gel extracted and used for another round
of enrichment. In total, six rounds of SELEX were performed. PCR prod-
ucts of the last round of ampliﬁcation were TA-ligated into the pGEM-T
Easy Vector, transformed into Escherichia coli XL1Blue and plated on Am-
picillin containing agar-plates. Insert containing clones were analyzed by
Sanger sequencing.2.5. 32P-end labeling of oligonucleotides and G-quadruplex forming
100 pmol of each oligonucleotide were labeled using 10U T4 Kinase
(Fermentas) in 25 μl 1× T4 kinase buffer with 25 μCi 32P γ-ATP
(3000 Ci/mmol, Hartmann). Labeling reactions were incubated for
30 min at 37 °C before unreacted 32P γ-ATPwas removed using Amicon
Ultra 3 K Columns (Millipore). Labeled oligonucleotides were diluted
with 1× TE to obtain a ﬁnal concentration of 0.4 pmol/μl. For formation
of G-quadruplex structures, the labeled oligonucleotideswere boiled for
5 min at 95 °C. The solutionwas chilled on ice for 2 min, dilutedwith an
equal volume of 2 M KCl solution and incubated over night at 37 °C.
Fig. 1. Puriﬁcation and activity assays of NOA1 and NOA1-K353R protein. A) Representative Coomassie stained protein gels of samples obtained during puriﬁcation of NOA1.Western blot
analysis of protein fractions demonstrates intactness of the puriﬁed protein. The puriﬁcation yielded ~95% pure protein. B) Coomassie stained gel of a dilution series of NOA1 and the
GTPase mutant NOA1-K353R. C) GTPase activity assays demonstrating that activity of NOA1 is preserved during puriﬁcation and that the mutation of the GTPase motif is destroying
the enzyme activity.
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EMSA reactions were performed according to Wanrooij et al. [22]
withminormodiﬁcations. The reactionswere carried out in EMSAbind-
ing buffer (10 mM Tris, pH 7.4, 100 mM KCl, 1 mM EDTA, 10 ng/ml
BSA, 0.5% glycerol and 0.1% NP-40) containing a ﬁnal concentration
of 2.5 mM MgCl2, 0.1 μg/ml poly dIdC and 5 nM folded and labeled G-
quadruplex oligonucleotide in a ﬁnal volume of 20 μl. The NOA1-His6
protein was diluted in 1× EMSA buffer, added in different concentra-
tions to the premix and incubated for 30 min at 37 °C. After adding
6 μl KCl-Glycerol loading dye (10 mM KCl, 25% glycerol and
Bromophenol Blue) the samples were analyzed on a 6% TBE-PAGE
gel in 1× TBE running buffer. For RNA G-quadruplex binding
assays, Cy5.5 labeled RNA was used (Sigma-Aldrich). The EMSAFig. 2. Enrichment of DNA oligonucleotides sequences binding toNOA1 by SELEX. A)Outline of t
test and control samples. The faster migrating ~30 bp band that appeared after six rounds of Swas evaluated by phosphorimaging and in case of Cy5.5 labeled
RNA oligonucleotides (G4s RNA 5′-AAAGGGGAAAGGGGAAAGGGG-
AAAGGGG-3′-Cy5.5, G4non RNA 5′-GAGAGAGAAGAGGAGAGAGGG-
AGAGAGG-3′-Cy5.5) by Odyssey Infrared Imaging (LiCOR). For
competition experiments, a 250-fold excess of unlabeled competing
probe was included in the reaction.
2.7. Circular Dichroism (CD) spectroscopy
CD measurements were performed with a Jasco J-180 spectro-
polarimeter equipped with a Jasco PTC-4235 Peltier Cell Holder.
Concentrations of samples were adjusted to 2 μM before the spectra
were scanned at 20 °C from320 nm to 220 nmwith a 1 nmbandwidth,
averaging 5 scans per spectrum.he SELEXprocedure. B) During SELEX anunspeciﬁc 46 bp background bandwas present in
ELEX contained sequences speciﬁcally binding to NOA1.
Table 1
Nucleotide sequences binding to NOA1 derived by SELEX. Nucleotide sequences (markedwith an asterisk in Fig. 2) are characterized by high guanine content and are predicted to formG-
quadruplexes with G-scores ranging from 18 to 21 when the N14 core sequence is analyzed alone. The additional GGG sequence located in the 3′ linker of the SELEX aptamer (5′-
GGTGAATTCGGTCACG-N14-CGAAAGGGATCCGTTC-3′) increases G-quadruplex stability of some ampliﬁed aptamers. The consensus sequence contains a duplet G-quadruplex binding
motif.
NI4 Core only
NI4 Core sequence (5' - 3')
with 3' Linker
NI4 Core only
with 3' Linker
NI4 Core only
with 3' Linker
NI4 Core only
with 3' Linker
NI4 Core only
with 3' Linker
NI4 Core only
with 3' Linker
#
1
2
3
4
5
6
Consensus sequence
GGGGGAACGGGGGG
GGCGGTATGGAGGG
GGGGAGGGGGGGTG
GGAAGGGAGTGGGG
GGGGAGGGGGGGGTG
GGGGGGGGGGTTGG
GGGGGAGAGGAGGG
Length G-score
13
13
13
14
14
21
13
20
10
10
22
22
22
19
19
19
18
21
19
19
37
20
20
36
36
33
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3.1. Replacement of lysine at position 353 by arginine disrupts the enzymat-
ic GTPase activity of recombinant NOA1
To obtain NOA1 protein for further biochemical studieswe expressed
the NOA1 cDNA in insect cells using the baculovirus system. Afﬁnity
chromatography yielded a N95% pure protein preparation (Fig. 1A).
Wildtype NOA1 proved to be highly active in GTPase activity assays
demonstrating that NOA1 is indeed a GTP hydrolyzing enzyme
(Fig. 1C). The fact that the enzymatic activity of NOA1 was retained
during the puriﬁcation procedure enabled us to study the role of the
Walker A motif of NOA1, which has been postulated to mediate GTP
binding [1]. We replaced Lysine 353 located within the Walker A motif
by arginine and isolated the mutant protein (K353R) following exactly
the same protocol as for the wildtype protein. Interestingly, the K353R
NOA1mutantwas unable to hydrolyze GTP (Fig. 1C) at the same concen-
tration as thewildtype protein (Fig. 1B) demonstrating the pivotal role of
an intact Walker A motif for GTPase activity.Table 2
G-quadruplex mapper analysis of the mitochondrial 12S ribosomal RNA. The 12S rRNA cont
functional relevant CSBII G-quadruplex has a G-score of 21.
Position
mt-RNRI (12S rRNA)
104
323
367
501
690
801
879
Sequenc
CSBII (Wanrooij et al.)
GGAGGGTGACGGG
GGTTTGCTGAAGAT
GGTGAGGTAGAGCG
GGTTTATGGCTAAG
GGTTAATCGTATGA
GGTGTGGCTAGGCA
GGATTTTACACCGG
GGGGAGGGGGGGU3.2. NOA1 binds speciﬁcally to G-quadruplex structures
To identify potential nucleic acid binding partners of NOA1 we
applied the SELEX procedure (Fig. 2A). Initially, we expected to enrich
a simple consensus motif, similar to binding sites detected by transcrip-
tion factors, which explains our choice of oligonucleotidemixtures of 14
nucleotides in length. We avoided particular stringent binding condi-
tions for SELEX to allow enrichment of a comprehensive range of
putative binding sites. After several rounds of enrichment, the NOA1-
containing but not the control sample yielded a fast migrating band of
~30 bp. This band occurred already in round four and became further
enriched in rounds ﬁve and six (Fig. 2B, marked with an asterisk).
Sequence analysis uncovered the presence of oligonucleotides with
a characteristic consensus sequence containing guanine-repeats
(Table 1). In contrast, we did not ﬁnd a consensus sequence or speciﬁc
nucleotide preference in the 46 bp band that was present both in the
NOA1-containing and in the control sample. We concluded that 46 bp
band represented background and did not analyze this band any
further.ains seven G-quadruplexes with G-scores ranging from 6 to 21 and varying length. The
e (5'-3')
CGG
GGCGGTATATAGG
GGG
CATAGTGGGG
CCGCGGTGGCTGG
AGG
TCTATGGAGG
UUGG
16
27
27
17
17
17
24
24
19
10
10
21
21
12
15
6
Length G-score
Table 3
Generic sequences of DNA oligonucleotides used for G-quadruplex folding and band shift studies. G-scores increase with increasing length of oligonucleotides and reﬂect the degree of
stability of G-quadruplexes.
Oligo name
DNA
G2s
G2as
G3as
G4as
G4non
CSBII
RNA
G3s
G4s
G4s-Cy5.5
G4non-Cy5.5
Sequence (5'-3')
AACGGAAGGAAGGAAGGCAA
TTGCCTTCCTTCCTTCCGTT
AACGGGAAGGGAAGGGAAGGGCAA
TTGCCCTTCCCTTCCCTTCCCGTT
AACGGGGAAGGGGAAGGGGAAGGGGCAA
TTGCCCCTTCCCCTTCCCCTTCCCCGTT
GAGAGAGAAGAGGAGAGAGGGAGAGAGG
GAAGCGGGGGAGGGGGGGTTTGGTGGAAAT
AAAGGGGAAAGGGGAAAGGGGAAAGGGG
GAGAGAGAAGAGGAGAGAGGGAGAGAGG
Oligo length
20
20
24
24
28
28
28
28
28
30
G-Quad-
ruplex length
14
18
22
25
17
G-score
21
42
63
63
21
QGRS predicted
structures formed
Duplet G-quadruplex
No G-quadruplex
Triplet G-quadruplex
No G-quadruplex
Quadruple G-quadruplex
No G-quadruplex
G-rich, no G-quadruplex
Duplet G-quadruplex
quadruple G-quadruplex
G-rich, no G-quadruplex
− −
− −
− −
− −
− −
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ity that the ampliﬁed sequences might develop G-quadruplex structures.
Bioinformatical analysis using theQGRSQuadruplexmapper [23] predict-
ed that all 14 nucleotide long core sequences enriched by NOA1 SELEX
form G-quadruplexes. The NOA1 binding consensus sequence generated
with WebLogo interphase [24] represents a G-quadruplex with a G-
score of 19 (Table 1). The G-score is a computed value that deﬁnes G-
quadruplex stability based on the length of guanine stretches, the number
of guanine tetrads and loop length [23]. It should also be noted that the 3′
linker sequence used to amplify the NOA1 binding sequence contains a
GGG motif, which might participate in the formation of G-quadruplexes.
In fact, QGRS Quadruplex mapper analysis revealed that inclusion of the
guanine triplet in the linker region increased the G-scores of four out of
six of the core sequences (Table 1). Hence, it is possible that the fortuitous
inclusion of the guanine triplet in the ﬂanking region facilitated selection
of G-quadruplex forming aptamers in the SELEX screen.
Since NOA1 was reported to bind to ribosomal RNA [4] containing
several G-quadruplexes we compared the computed parameters of
the experimentally identiﬁed NOA1-G-quadruplex core consensus
sequence with those of biologically relevant G-quadruplexes. We
found that G-quadruplexes in the 12S rRNA has G-scores in the range
from 6 to 21 and the G-quadruplex of the CSBII site in mtDNA CSBII
has a score of 21 [22,25] (Table 2). To study the G-quadruplex binding
properties of NOA1 in more detail, we designed generic G-quadruplex
forming oligonucleotides of different sizes and antisense controls
(Table 3),which showed a similarmigration pattern as oligonucleotides
ampliﬁed in SELEX experiments (Fig. 3A). Oligonucleotides predicted to
form G-quadruplexes migrated faster than equally sized antisense
oligonucleotides without guanines. As an additional control we synthe-
sized a scrambled non-G-quadruplex forming oligonucleotide (G4non),
which contains the identical number of guanines and alanines as the G-
quadruplex forming counterpart (G4s) but in a different pattern. As
expected, G4non was found at the same position as the antisense G4
(G4as) oligonucleotide whereas the G4 sense (G4s) oligonucleotide
migrated considerably faster (Fig. 3A). To characterize in more detail
folding of our generic G4-oligonucleotides we applied circular dichro-
ism (CD) spectroscopy [26–30] (Fig. 3B). G-quadruplexes are character-
ized by the presence of additional positive and/or negative peaks in the
absorbance spectrum depending on the type of folding. As expected,
unfolded antisense DNA oligonucleotides showed a single positive
peak at 278 nm (5.591 mdeg) (Fig. 3B) while the CD spectrum of G2soligonucleotide displayed a peak at 268 nm (7.271 mdeg) and an addi-
tional negative peak close to 240 nm (−2.753 mdeg), which is indicative
for a parallel G-quadruplex fold. G3s and G4s oligonucleotides were char-
acterizedbypeaks at 270 nm(3.420 mdeg and5.938 mdeg, respectively)
and additional positive peaks at 294 nm (G3s: 3.851 mdeg; G4s:
7.786 mdeg), of which the latter is characteristic for antiparallel folding
(Fig. 3B). Surprisingly, the G4non DNA oligonucleotide, which was
predicted to fail G-quadruplex formation, did also fold into a parallel G-
quadruplex indicated by the negative peak at 240 nm (−6.438 mdeg)
(Fig. 3B).
Next, we performed band shift assays with various 32P-labeled, G-
quadruplex folded oligonucleotides including CSBII sequences that
form regulatory G-quadruplexes in mtDNA in vivo [22] using different
dilutions of NOA1 protein (Fig. 3D). Although there was no prior
published evidence that NOA1 interacts speciﬁcally with mtDNA we
reasoned that the CSBII sequence block, which is highly conserved in
mammalian mtDNA leading-strand origins, might serve as a valid posi-
tive control. CD spectroscopy uncovered similar spectra of the CSBII
oligonucleotide compared to the SELEX consensus sequence (Fig. 3C).
Spectra of the SELEX consensus sequence (Table 1) and CSBII (Table 3)
overlapped and showed a negative peak at 240 nm (−2.028 mdeg and
−4.224 mdeg, respectively), characteristic for parallel G-quadruplex
folds (Fig. 3C). In linewith these observations, band shift assays revealed
a strong binding of NOA1 to the CSBII G-quadruplex. As expected, no
binding was observed with antisense oligonucleotides (G2as and
G4as). Interestingly, NOA1 bound also to parallel, duplet (G2s) and the
antiparallel, quadruple (G4s) G-quadruplexes (Fig. 3E), although we
observed a slight preference for anti-parallel G4s G-quadruplex binding
(Fig. 3E). Most of the experiments were performed with quadruple G-
quadruplexes (G4s) since the band shift assays indicated a stronger bind-
ing of NOA1 to quadruple (G4s) compared to duplet G-quadruplexes.
We assumed that the failure to detect quadruple G-quadruplexes (G4s)
in the SELEX experiment was due to the size of oligonucleotides
(14 nucleotides), which only allows selection of duplet G-quadruplexes.
3.3. The GTPase activity of NOA1 is not required for binding
to G-quadruplexes
To analyze whether NOA1 binds G-quadruplexes in a stoichiometric
manner we added increasing amounts of NOA1 protein to reactions
containing an excess of 32P-labeled G-quadruplex (G4s) and analyzed
Fig. 3.NOA1 binds to parallel and antiparallel DNA G-quadruplexes. A)Migratory behavior of 32P-labeled DNA oligonucleotides after G-quadruplex folding. G-quadruplexesmigrate faster
in native gels compared to equally sized fragments that do not formG-quadruplexes. B) CD spectroscopy of G-quadruplexes after folding. A dominant positive peak at 260 nm indicates G-
quadruplex formation. A negative peak at 240 nm is speciﬁc for parallel G-quadruplexeswhile an additional positive peak at 290 nm is characteristic for antiparallel folding. C) The SELEX-
derived NOA1 consensus oligonucleotide folds into a parallel G-quadruplex in similar way as the CSBII oligonucleotide. D)Western blot of the dilution series of NOA1 protein used for G-
quadruplex binding. E) Band shift analyses demonstrate that NOA1 binds to parallel duplet (G2s) and antiparallel quadruple (G4s) G-quadruplexes. NOA1 does also bind to the parallel G-
quadruplex formed by CSBII mtDNA. No binding to antisense oligonucleotides is apparent.
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a linear correlation between NOA1 protein concentrations and band
shift intensity indicating stoichiometric binding of NOA1 to G4s G-
quadruplexes (Fig. 4B).
Cellular functions of NOA1 depend on its GTPase activity [1,3,4].
Therefore, we analyzed whether binding of NOA1 to G-quadruplexes
requires GTPase activity. The GTPase mutant K353R showed only a
minor reduction of G-quadruplex binding compared to thewild type pro-
tein indicating that binding of G-quadruplexes to NOA1 does not depend
on the GTPase activity. Control experiments showed that both wild type
and mutant proteins did not bind to antisense oligonucleotide (Fig. 4C).
To further analyze the speciﬁcity of G-quadruplex bindingwe added
a 250-fold excess of unlabeled oligonucleotides to the binding reactions.
Unlabeled G4s competed with the 32P-labeled oligonucleotide forbinding to NOA1 and signiﬁcantly reduced G4s/NOA1 complex forma-
tion. As expected, the antisense G4as oligonucleotide failed to compete
with G-quadruplex binding. Interestingly, we observed a partial reduc-
tion of G4s/NOA1 complex formation when an excess of guanine rich
oligonucleotide (G4non) were used (Fig. 4D), which initially came as a
surprise since G4non was not predicted to form a G-quadruplex
(Table 3). However, CD spectroscopy revealed that G4non also folds
into a parallel G-quadruplex structure (Fig. 3B). Hence, we directly
compared the afﬁnity of NOA1 to antiparallel (G4s) and parallel
(G4non) G-quadruplexes. NOA1 showed an increased preference
(~50%) to bind to the antiparallel G4s G-quadruplex compared to the
parallel G4non G-quadruplex oligonucleotides, which explains the ability
of G4non oligonucleotides to moderately compete with G4s G-
quadruplexes (Fig. 4E). Taken together, we demonstrated that NOA1
Fig. 4. NOA1 binds stoichiometrically to G4s G-quadruplex DNA independent of its GTPase activity. A)Western blot analysis of a dilution series of NOA1 protein. Band shift analysis con-
ﬁrmed binding of NOA1 to 32P-labeled G4s G-quadruplexes. The intensity of the shifted protein-nucleotide complex increases linearly with rising protein concentrations. B) Plot of protein
concentration per assay against normalized intensities of shifted G-quadruplex/NOA1 complexes. C) EMSA analysis demonstrating binding of NOA1 and the GTPase mutant NOA1-K353R
to G4s G-quadruplexes but not to corresponding G4as DNA oligonucleotides. Binding of NOA1-K353Rwas slightly reduced compared towildtype NOA1. D) Competition assay with a 250-
fold excess of unlabeledG4sG-quadruplex conﬁrms the speciﬁcity ofNOA1binding to antiparallel G4s G-quadruplexes. G4non oligonucleotide does compete only partially for NOA1bind-
ing. E) NOA1 binds parallel guanine rich (G4non) oligonucleotides with lower afﬁnity compared to antiparallel G4s G-quadruplexes (D).
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a higher afﬁnity to antiparallel compared to parallel G-quadruplex struc-
tures independently of the GTPase activity.
3.4. NOA1 binds RNA G-quadruplexes
So far, we used DNA oligonucleotides for SELEX and for validation of
NOA1 binding to G-quadruplex folds. Since NOA1 shows similarity to
the RNA-binding protein TRAP [8] we wanted to investigate whether
NOA1 also binds to RNA oligonucleotides forming G-quadruplex folds.
Band shift experiments revealed that NOA1 binds G4s RNA oligonucleo-
tides in a concentration dependent manner similar to DNA G-
quadruplex oligonucleotides (Fig. 5A). CD analysis of the RNA G-
quadruplex oligonucleotide demonstrated that RNA-G4s folds into a
parallel G-quadruplex although RNA-G4s contains stretches of four
guanines similar to the G4s DNA oligonucleotide, which acquiresantiparallel folds (Fig. 5B). To better understand the binding speciﬁcity
of NOA1 to RNA G-quadruplex folds, competition assays with excess
of unlabeled DNA oligonucleotides were performed. We found that an
excess of parallel G2s DNA oligonucleotide had no effect on RNA-G4s
binding. In this case the DNA competitor and the bound RNA G-
quadruplex both develop parallel folds but the competitor has a much
lower G-score (Fig. 5C). Strikingly, the effects of antiparallel G3s and
G4s DNA oligonucleotides on RNA-G4s binding were dependent on
the G-scores. The antiparallel G4s DNA G-quadruplex completely
abolished parallel RNA-G4s binding while G4non DNA oligonucleotides
caused only minor effects on RNA G4s G-quadruplex binding, which is
in line with previous experiments (Fig. 5C). We therefore concluded
that NOA1 binds to parallel and antiparallel G-quadruplexes indepen-
dent of the nucleotide type, although NOA1 has a signiﬁcantly higher
afﬁnity for antiparallel folds as demonstrated by the competition
experiments. Furthermore, we established that the afﬁnity towards
Fig. 5.NOA1 binds to RNAG-quadruplexes. A) Band shift assay with different dilutions of NOA1 demonstrating binding of NOA1 to Cy5.5 labeled G4s-RNA oligonucleotides. B) CD spectra
of Cy5.5 labeled RNA oligonucleotides and competitor DNA oligonucleotides used in C) G4s-RNA, G2s and G4non DNA oligonucleotides form parallel G-quadruplexes while G3s and G4s
DNA oligonucleotides form antiparallel G-quadruplexes. C) Band shift competition assay demonstrating that DNA oligonucleotides compete with binding of NOA1 to parallel G4s-RNA G-
quadruplexes depending on the G-score and type of folding. p = parallel; ap = antiparallel.
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quadruplex formation, which is reﬂected by the G-score.
3.5. Binding of G-quadruplexes stimulates the GTPase activity of NOA1
One of the main reasons for our search for NOA1 ligands was the
identiﬁcation of molecules that regulate the GTPase activity of NOA1.
Hence, we investigated whether G-quadruplex binding had an effect
on the GTPase activity of NOA1. We ﬁrst measured NOA1 GTPase activ-
ity with different dilutions of NOA1 proteins (Fig. 6A, B) and decided
to use a protein concentration of 0.2 μg/μl, which showed enzymatic
activity below the saturation range (Fig. 6B). Addition of antiparallel
G4s DNA signiﬁcantly stimulated the GTPase activity of NOA1 ~4–5
foldswhile no stimulationwas evidentwhen parallel G4non DNA oligo-
nucleotideswere used. Parallel G4s RNAG-quadruplexes stimulated the
GTPase activity to the same extent as the antiparallel DNA G-
quadruplexes. We observed only a minor stimulation by the unfolded
(Fig. 5B) G-rich RNA-G4non oligonucleotide (Fig. 6C). Taken together
our results clearly demonstrated that the GTPase activity of NOA1
is stimulated by binding of parallel RNA or antiparallel DNA G-
quadruplexes but not by parallel DNA G-quadruplexes or guanine-rich
sequences alone.
4. Discussion
Recent studies demonstrated that NOA1 interacts with components
of the mitochondrial ribosome and the OXPHOS machinery and identi-
ﬁed NOA1 as a regulator of mitochondrial protein synthesis [4]. NOA1
was found to be critical for the regulation of mitochondrial ribosome
function and assembly [3,5]. Interestingly, NOA1 contains several func-
tional domains indicating a complex regulation that might depend on
the interplay of different activities like GTP hydrolysis, dimerization
and RNA binding [1,3,4,8]. So far, no RNA consensus motif has been
deﬁned that binds to NOA1 although NOA1was shown to have an afﬁn-
ity for mitochondrial ribosomal RNAs. Previous studies suggested thatmitochondrial ribosomal constituents stimulate the GTPase activ-
ity of NOA1 [4], although the nature of this stimulation remained
enigmatic and the ribosomal component stimulating NOA1 activi-
ty was not determined [3]. Similarly, the protein domains of the
bacterial NOA1 homolog YqeH have been studied in some detail
leading to the conclusion that YqeH is a switch protein that cou-
ples GTP hydrolysis to nucleic acid and/or protein binding [8,31].
Here, we have shown that NOA1 is a bona ﬁde GTPase, which
relies on binding of DNA or RNA G-quadruplexes to stimulate its
activity.
The NOA1 protein is a circular permuted GTPase [31] with a Walker
A motif, the classical feature of ATP- and GTP-binding proteins [8]. This
highly conserved motif, also called P-loop, is responsible for proper
hydrolysis of GTP [32]. Disruption of the P-loop of human NOA1, also
named C4orf14, by three amino acid substitutions eliminates GTPase
activity [4]. Our results demonstrate that a single K353R mutation in
the P-loop motif of murine NOA1 inactivates the murine enzyme and
prevents GTP hydrolysis. This result corresponds well to previous ﬁnd-
ings that the K353R mutant NOA1 fails to stimulate OXPHOS function
in cell culture [1].
Our search for ligands of NOA1 resulted in the identiﬁcation of G-
quadruplex structures, which bind NOA1 with high afﬁnity and linear
stoichiometry. NOA1 showed a clear preference for even numbered G-
quadruplexes. So far, several suggestions for natural nucleic acid ligands
of NOA1 had been made. Some reports demonstrated an afﬁnity of
NOA1 for 12S and 16S rRNA without further preferences [4] while
others showed association of YqeH for precursor rRNA and speculated
that the protein is involved in processing of rRNAs and their assembly
within the ribosome [6,7,33,34]. Interestingly, all proposed RNAbinding
partners of NOA1 contain guanine stretches and are potentially able to
form G-quadruplexes [35]. Speciﬁc biological functions of DNA G-
quadruplexes are still poorly understood and have been referred to as
“structures in search of a function” [36]. More recent data indicate a
role in the formation of telomeres and the regulation of genomic stabil-
ity and replication [37,38]. Furthermore, DNA G-quadruplexes are
Fig. 6. Binding of NOA1 to G-quadruplexes stimulates GTP hydrolysis. A) Comassie stained gel of dilutions of NOA1 and NOA1-K353R protein used for GTPase assays. B) GTP hydrolysis of
wildtype NOA1. C) GTPase assay of NOA1 protein after addition of oligonucleotides. Antiparallel DNA G-quadruplex G4s and parallel RNA G-quadruplex RNA-G4s oligonucleotides stim-
ulate the GTP hydrolysis rate of NOA1. The parallel DNA oligonucleotide (G4non) and the unfolded RNA-G4non oligonucleotide do not stimulate GTP hydrolysis signiﬁcantly.
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RNA G-quadruplexes in the untranslated regions of mRNA might
control translation [18]. Our ﬁnding that RNA G-quadruplexes in ribo-
somal RNAs interact with NOA1 suggests an additional function in the
recruitment of proteins to speciﬁc macromolecular complexes in the
mitochondrion. Enrichment of NOA1 at mitochondrial ribosomes via
12S or 16S rRNA, which are able to form RNA G-quadruplexes, might
facilitate ribosome assembly. This hypothesis is also supported by the
ﬁnding that depletion of the NOA1 homolog in bacteria, YqeH, leads to
loss of assembled 30S subunits and accumulation of 16S rRNA pre-
cursors [34]. However, there is no experimental evidence that NOA1
prefers binding to 16S rRNA compared to 12S rRNA as both contain
predicted G-quadruplexes. Clearly, additional experiments are needed
to deﬁne the impact of speciﬁc nucleotide compositions in the folds
and effects of adjacent tertiary structures such as grooves or alternative
three-dimensionalmotifs. Moreover, it is unknownwhether other parts
of target RNAs such as 12S rRNA or the NOA1 protein have functions in
recognition and/or binding. Since NOA1 is a multi domain protein that
contains a leucine zipper domain [1] and a treble clef zincﬁnger domain,
which are important for protein interactions [31], it seems likely that
NOA1 serves as a docking site for other proteins after recruitment to
ribosomes via RNA G-quadruplexes.
Intriguingly, binding of RNA G-quadruplexes stimulates the GTPase
activity of NOA1 implicating that the RNA-ligand is important for the
essential cellular function of NOA1. The coupling of ligand binding and
enzymatic function might provide a regulatory mechanism for the
regulation of ribosome assembly and translation allowing quick adapta-
tion to cellular signals. The ability of mitochondrial helicases to resolve
G-quadruplex structuresmight provide an additional level of regulation
in this scenario [22,39–41].
NOA1 belongs to a family of GTPases that is highly conserved
throughout all species [7] indicating that it plays a fundamental role in
cellular processes. Therapeutic exploitation of reagents targeting G-
quadruplexes for battling cancer and cardiovascular diseases [19] will
require a more thorough understanding of the function of mitochondri-
al RNA G-quadruplex binding proteins like NOA1 to prevent severe side
effects affecting mitochondrial function.Funding
This work was supported by theMax-Planck-Society (T.B., N.A.), the
W.G. Kerckhoff Institute Foundation (N.A.) the LOEWE center for Cell
and Gene Therapy (SG), the Swedish Research Council (MF and SW),
the Swedish Society for Medical Research (SW) and a Marie Curie
grant from the European Commission (SW).Acknowledgments
We are grateful to Prof. Dr. Maria Falkenberg Gustafsson for provid-
ing the lab facilities and equipment for the NOA1 protein puriﬁcation.
Emily Hoberg established the production of recombinant NOA1 protein
in insect cells, helped with the puriﬁcation process and provided cell
pellets for additional puriﬁcations. Paulina Wanrooij gave advise for
the EMSA experiments and the G-quadruplex folding protocol. We are
indebted to Prof. Dr.Werner Kühlbrandt, Dr. Özkan Yildiz and Abhishek
Acharya for the help with CD measurements.References
[1] J. Heidler, N. Al-Furoukh, C. Kukat, I. Salwig, M.E. Ingelmann, P. Seibel, M. Kruger, J.
Holtz, I. Wittig, T. Braun, M. Szibor, Nitric oxide-associated protein 1 (NOA1) is
necessary for oxygen-dependent regulation ofmitochondrial respiratory complexes,
J. Biol. Chem. 286 (2011) 32086–32093.
[2] T. Tang, B. Zheng, S.H. Chen, A.N. Murphy, K. Kudlicka, H. Zhou, M.G. Farquhar,
hNOA1 interacts with complex I and DAP3 and regulates mitochondrial respiration
and apoptosis, J. Biol. Chem. 284 (2009) 5414–5424.
[3] M. Kolanczyk, M. Pech, T. Zemojtel, H. Yamamoto, I. Mikula, M.A. Calvaruso, M. van
den Brand, R. Richter, B. Fischer, A. Ritz, N. Kossler, B. Thurisch, R. Spoerle, J.
Smeitink, U. Kornak, D. Chan, M. Vingron, P. Martasek, R.N. Lightowlers, L.
Nijtmans, M. Schuelke, K.H. Nierhaus, S. Mundlos, NOA1 is an essential GTPase re-
quired for mitochondrial protein synthesis, Mol. Biol. Cell 22 (2011) 1–11.
[4] J. He, H.M. Cooper, A. Reyes, M. Di Re, L. Kazak, S.R. Wood, C.C. Mao, I.M. Fearnley, J.E.
Walker, I.J. Holt, Human C4orf14 interacts with the mitochondrial nucleoid and is
involved in the biogenesis of the small mitochondrial ribosomal subunit, Nucleic
Acids Res. 40 (2012) 6097–6108.
[5] W.C. Uicker, L. Schaefer, M. Koenigsknecht, R.A. Britton, The essential GTPase YqeH
is required for proper ribosome assembly in Bacillus subtilis, J. Bacteriol. 189
(2007) 2926–2929.
2942 N. Al-Furoukh et al. / Biochimica et Biophysica Acta 1833 (2013) 2933–2942[6] B. Anand, P. Surana, S. Bhogaraju, S. Pahari, B. Prakash, Circularly permuted GTPase
YqeH binds 30S ribosomal subunit: Implications for its role in ribosome assembly,
Biochem. Biophys. Res. Commun. 386 (2009) 602–606.
[7] R.A. Britton, Role of GTPases in bacterial ribosome assembly, Annu. Rev. Microbiol.
63 (2009) 155–176.
[8] J. Sudhamsu, G.I. Lee, D.F. Klessig, B.R. Crane, The structure of YqeH. An
AtNOS1/AtNOA1 ortholog that couples GTP hydrolysis to molecular recognition, J.
Biol. Chem. 283 (2008) 32968–32976.
[9] N.H. Hopcroft, A. Manfredo, A.L. Wendt, A.M. Brzozowski, P. Gollnick, A.A. Antson,
The interaction of RNA with TRAP: the role of triplet repeats and separating spacer
nucleotides, J. Mol. Biol. 338 (2004) 43–53.
[10] S. Dennerlein, A. Rozanska, M. Wydro, Z.M. Chrzanowska-Lightowlers, R.N.
Lightowlers, Human ERAL1 is a mitochondrial RNA chaperone involved in the
assembly of the 28S small mitochondrial ribosomal subunit, Biochem. J. 430 (2010)
551–558.
[11] X.E. Guo, C.F. Chen, D.D. Wang, A.S. Modrek, V.H. Phan, W.H. Lee, P.L. Chen,
Uncoupling the roles of the SUV3 helicase in maintenance of mitochondrial genome
stability and RNA degradation, J. Biol. Chem. 286 (2011) 38783–38794.
[12] B. Ruzzenente, M.D. Metodiev, A. Wredenberg, A. Bratic, C.B. Park, Y. Camara, D.
Milenkovic, V. Zickermann, R. Wibom, K. Hultenby, H. Erdjument-Bromage, P.
Tempst, U. Brandt, J.B. Stewart, C.M. Gustafsson, N.G. Larsson, LRPPRC is necessary
for polyadenylation and coordination of translation of mitochondrial mRNAs,
EMBO J. 31 (2012) 443–456.
[13] H. Spahr, B. Habermann, C.M. Gustafsson, N.G. Larsson, B.M. Hallberg, Structure of
the humanMTERF4-NSUN4 protein complex that regulates mitochondrial ribosome
biogenesis, Proc. Natl. Acad. Sci. U. S. A. 109 (2012) 15253–15258.
[14] M.R. Sharma, E.C. Koc, P.P. Datta, T.M. Booth, L.L. Spremulli, R.K. Agrawal, Structure
of the mammalian mitochondrial ribosome reveals an expanded functional role
for its component proteins, Cell 115 (2003) 97–108.
[15] B.M. Lunde, C. Moore, G. Varani, RNA-binding proteins: modular design for efﬁcient
function, Nat. Rev. Mol. Cell Biol. 8 (2007) 479–490.
[16] A.J. McCullough, S.M. Berget, G triplets located throughout a class of small vertebrate
introns enforce intron borders and regulate splice site selection, Mol. Cell. Biol. 17
(1997) 4562–4571.
[17] M.I. Zarudnaya, I.M. Kolomiets, A.L. Potyahaylo, D.M. Hovorun, Downstream ele-
ments of mammalian pre-mRNA polyadenylation signals: primary, secondary and
higher-order structures, Nucleic Acids Res. 31 (2003) 1375–1386.
[18] A. Bugaut, S. Balasubramanian, 5′-UTR RNA G-quadruplexes: translation regulation
and targeting, Nucleic Acids Res. 40 (2012) 4727–4741.
[19] G.W. Collie, G.N. Parkinson, The application of DNA and RNA G-quadruplexes to
therapeutic medicines, Chem. Soc. Rev. 40 (2011) 5867–5892.
[20] J.M. Fuste, S. Wanrooij, E. Jemt, C.E. Granycome, T.J. Cluett, Y. Shi, N. Atanassova, I.J.
Holt, C.M. Gustafsson, M. Falkenberg, Mitochondrial RNA polymerase is needed for
activation of the origin of light-strand DNA replication, Mol. Cell 37 (2010) 67–78.
[21] A.K. Hyvarinen, J.L. Pohjoismaki, A. Reyes, S. Wanrooij, T. Yasukawa, P.J. Karhunen,
J.N. Spelbrink, I.J. Holt, H.T. Jacobs, The mitochondrial transcription termination
factor mTERF modulates replication pausing in human mitochondrial DNA, Nucleic
Acids Res. 35 (2007) 6458–6474.
[22] P.H. Wanrooij, J.P. Uhler, T. Simonsson, M. Falkenberg, C.M. Gustafsson, G-quadruplex
structures in RNA stimulate mitochondrial transcription termination and primer
formation, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 16072–16077.[23] O. Kikin, L. D'Antonio, P.S. Bagga, QGRS Mapper: a web-based server for predicting
G-quadruplexes in nucleotide sequences, Nucleic Acids Res. 34 (2006) W676–W682.
[24] G.E. Crooks, G. Hon, J.M. Chandonia, S.E. Brenner, WebLogo: a sequence logo gener-
ator, Genome Res. 14 (2004) 1188–1190.
[25] P.H. Wanrooij, J.P. Uhler, Y. Shi, F. Westerlund, M. Falkenberg, C.M. Gustafsson, A
hybrid G-quadruplex structure formed between RNA and DNA explains the extra-
ordinary stability of the mitochondrial R-loop, Nucleic Acids Res. 40 (2012)
10334–10344.
[26] V. Dapic, V. Abdomerovic, R. Marrington, J. Peberdy, A. Rodger, J.O. Trent, P.J. Bates,
Biophysical and biological properties of quadruplex oligodeoxyribonucleotides,
Nucleic Acids Res. 31 (2003) 2097–2107.
[27] S. Paramasivan, I. Rujan, P.H. Bolton, Circular dichroism of quadruplex DNAs:
applications to structure, cation effects and ligand binding, Methods 43 (2007)
324–331.
[28] E.Y. Lam, D. Beraldi, D. Tannahill, S. Balasubramanian, G-quadruplex structures are
stable and detectable in human genomic DNA, Nat. Commun. 4 (2013) 1796.
[29] M. Vorlickova, K. Bednarova, I. Kejnovska, J. Kypr, Intramolecular and intermolecular
guanine quadruplexes of DNA in aqueous salt and ethanol solutions, Biopolymers 86
(2007) 1–10.
[30] D.M. Gray, J.D. Wen, C.W. Gray, R. Repges, C. Repges, G. Raabe, J. Fleischhauer,
Measured and calculatedCD spectra of G-quartets stackedwith the same or opposite
polarities, Chirality 20 (2008) 431–440.
[31] M. Moreau, G.I. Lee, Y. Wang, B.R. Crane, D.F. Klessig, AtNOS/AtNOA1 is a functional
Arabidopsis thaliana cGTPase and not a nitric-oxide synthase, J. Biol. Chem. 283
(2008) 32957–32967.
[32] J.E. Walker, M. Saraste, M.J. Runswick, N.J. Gay, Distantly related sequences in
the alpha- and beta-subunits of ATP synthase, myosin, kinases and other
ATP-requiring enzymes and a common nucleotide binding fold, EMBO J. 1
(1982) 945–951.
[33] B. Anand, P. Surana, B. Prakash, Deciphering the catalytic machinery in 30S ribosome
assembly GTPase YqeH, PLoS One 5 (2010) e9944.
[34] P.C. Loh, T. Morimoto, Y. Matsuo, T. Oshima, N. Ogasawara, The GTP-binding protein
YqeH participates in biogenesis of the 30S ribosome subunit in Bacillus subtilis,
Genes Genet. Syst. 82 (2007) 281–289.
[35] D.E. Shafer, R.F. Schuman, A. Lees, Rapid and complete adsorption of unconjugated
protein from protein-polysaccharide conjugate vaccines, Vaccine 19 (2001)
1547–1558.
[36] T. Simonsson, G-quadruplex DNA structures—variations on a theme, Biol. Chem. 382
(2001) 621–628.
[37] K. Paeschke, T. Simonsson, J. Postberg, D. Rhodes, H.J. Lipps, Telomere end-binding
proteins control the formation of G-quadruplex DNA structures in vivo, Nat. Struct.
Mol. Biol. 12 (2005) 847–854.
[38] J.L. Huppert, S. Balasubramanian, G-quadruplexes in promoters throughout the
human genome, Nucleic Acids Res. 35 (2007) 406–413.
[39] C.M. Sanders, Human Pif1 helicase is a G-quadruplex DNA-binding protein with
G-quadruplex DNA-unwinding activity, Biochem. J. 430 (2010) 119–128.
[40] S. Venkatesh, J. Lee, K. Singh, I. Lee, C.K. Suzuki, Multitasking in the mitochondrion
by the ATP-dependent Lon protease, Biochim. Biophys. Acta 1823 (2012) 56–66.
[41] S.H. Chen, C.K. Suzuki, S.H. Wu, Thermodynamic characterization of speciﬁc inter-
actions between the human Lon protease and G-quartet DNA, Nucleic Acids Res.
36 (2008) 1273–1287.
